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 It is often suggested that world food production must increase by 70%-100% or 
more by the year 2050 if we are to feed the anticipated world population at that time. To evaluate 
this claim, global crop production from 1961 to 2016 was inventoried using publicly available 
data from the United Nations Food and Agriculture Organization (FAO). To determine the 
adequacy of global crop output for humanity, annual global food crop production data (T y-1) 
were converted to energy yield in kilojoules (KJ y-1). These data were then compared to the 
annual metabolic energy requirement of the global human population. The resultant figures 
showed adequate annual agricultural production of kilojoules to sufficiently address global 
human metabolic demand. However, the diversion of crop energy to livestock through animal 
feed, and the use of crop energy for biofuels, as well as energy lost to waste creates consistent 
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CHAPTER 1: Introduction 
 
Robert Thomas Malthus famously stated,  
I say, that the power of population is indefinitely greater than the power in the 
earth to produce subsistence for man… This natural inequality of the two powers 
of population and of production in the earth, and that great law of our nature 
which must constantly keep their effects equal, form the great difficulty that to me 
appears insurmountable in the way to the perfectibility of society. All other 
arguments are of slight and subordinate consideration in comparison of this. I see 
no way by which man can escape from the weight of this law which pervades all 
animated nature. ` (Malthus, 1798) 
The global population is increasing exponentially. The current world population of 
approximately 7.5 billion in 2017 is expected to reach 8.5 billion by 2030 according to the latest 
available estimate from the United Nations Department of Economic and Social Affairs Revision 
(UNDESA, 2017). It is projected to reach 9.7 billion (approximately a 30% increase over 2017) 
by 2050 in a “medium growth scenario.”  
It has been widely suggested that world agricultural production must increase by 70-
100% to meet the food demand of world population in 2050 (Koning, 2008; Diouf, 2009; Foley, 
2011). The general concept of exponential population growth versus linear agricultural growth 
was first stated by Malthus (1798) and reiterated in a report for The Club of Rome (Meadows, 
1972). Others have since perpetuated this suggestion (Tilman, 2011; Harvey, 2011; Ray, 2013; 
Pardey, 2014) and it is often repeated as fact. A primary objective of this thesis was to examine 
these claims against known world agricultural production. How much food is produced annually 
by global agriculture? What is the food demand of the human population? Does global 
agricultural production yield a surplus or a deficit relative to human food demand? A quantitative 
assessment of these questions is possible because there is a wealth of data relating to global 
agricultural production and the allocation of that production to various societal demands. 
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The investigation began with an assessment of current allocations of global agricultural 
output. The FAO estimates that as of 2016 at least 815 million people around the world 
(approximately 11% of world population) are currently chronically food insecure (FAOa, 2017). 
This implies that current global agricultural output is insufficient to feed the population. Thus, it 
appears that global agriculture is working with purpose at strictly feeding the world’s human 
population and failing. Is it a given that agricultural production needs to be doubled? This thesis 
attempts to resolve this question through an energy systems approach. 
One of the greatest challenges for scientists and policy makers alike will be to 
conceptualize in a precise quantitative way, the volume and the distribution of agricultural 
production. Crop production is typically quantified in tonnage. Stating that a certain number of 
tonnes of a crop is produced each year does not provide a way to easily conceptualize whether 
enough food is being produced to meet global human demand. World food organizations, 
governments, non-governmental organizations, and everyone involved in the effort to assure that 
every mouth is fed worldwide, needs to clearly understand the interrelationship between human 
energy demand and the fraction of agricultural energy yield available for consumption.  
Initiated in 2002, World Bank and the FAO, with the World Health Organization and 
other stakeholders, convened a series of meetings with the outcome being the creation of the 
International Assessment of Agricultural Knowledge, Science and Technology for Development 
(IAASTD; McIntyre, 2009). The IAASTD is an intergovernmental enterprise tasked with 
constructing an overview of agriculture “in the widest sense to include production of food, feed, 
fuel, fiber and other products and to include all sectors from production of inputs (e.g., seeds and 
fertilizer) to consumption of products” (McIntyre, 2009). The level of concern by the leading 
world policy organizations about the ability to feed the world’s growing population, especially 
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given the limit to land available for agricultural production and a changing environment (Ibarrola 
Rivas, 2016; Brown, 2012), illustrates the significance of this research.  
World agricultural production is a synthesis of many diverse systems. Land-based crop 
production accounts for 85.5% +/- 4.4 % of food supply (Boss et al., 2018). Agriculture utilizes 
approximately half the land surface where vegetation is able to grow, to grow food (World 
Resources (WRI), 2013-2014; Searchinger, 2013). Decisions around waste, diversion to animals, 
and appropriation for fuel in the course of agricultural production influence final quantities 
available to people. Recent estimates show that in the US alone, more than 30%, by weight, of 
the food produced was not available to be consumed (Buzby et al., 2014). There are limits to 
available future expansion of arable land area (Alexandratos and Bruinsma, 2012). Rising 
atmospheric CO2 levels deplete valuable nutrients from growing crops (Myers et al., 2015) 
necessitating higher consumption, while reducing yields of major crops (Long, 2006). Additional 
projections anticipate global income levels to increase. With increased global income levels will 
come a rise in demand for meat and milk products (Searchinger et al., 2013). Increased global 
demand for milk and meat products (Ray et al., 2013) creates excess calorie consumption by the 
wealthy and newly wealthy (Ray et al., 2013). This creates even more demand for these products 
in a positive feedback, impacting land area available to agricultural crops for human 
consumption (Ray et al., 2013). What is more, a recent study suggested that current annual yield 
increases for the top most significant global crops are inadequate to meet the projected demands 
of production necessary to see a doubling of global food production (Ray et al., 2013). 
Ultimately the questions remain “How much energy does world agriculture yield? How 
much energy does humanity require? What is the balance of agricultural energy yield against the 
human requirement?” Of course, there are many more factors involved in seeing that the global 
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population gets fed, such as best practices of land use, the effect of changing climate on crop 
yield, or distribution issues at a local, national or global scale, to mention a mere few, however 
this work focuses on post-harvest, pre-consumer production. If the intent is to address global 
hunger using scientific best practices, these questions need to be assessed before arguing to 
significantly increase agricultural production. It is imperative that analysis be facilitated in a 
comprehensive approach with uniform measures of calibration. It is necessary to analyze all 
significant world agricultural output. This output would then be converted to kilojoules (KJ) in 
keeping with standard worldwide units of mensuration. For this thesis the result has been 
calculated over a 56 year period, reflecting the extent of the global record. This research has been 
conducted in an attempt to estimate the veracity of the claim that food supply will need to double 
over the next three decades in order to meet the human metabolic energy requirement. The value 
of this research to the field is to clearly define the ratio between post-harvest, pre-consumer 
global agricultural production as aggregated by the FAO and global human energy demand. It is  
understood that nutritional value, palatability, accessibility of the crop to consumers and other 
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CHAPTER 2: Methodology 
 
2.1 Context of Agricultural Output Measurement 
The first United Nations Conference on Food and Agriculture was held in Hot Springs, 
Virginia in May 1943. From this conference was derived the first session of the Food and 
Agriculture Organization in Quebec in 1945. The goal of the representatives of the forty-four 
nations attending was the formation of international food standards and to establish a global 
“freedom from want of food” (Phillips, 1981). At the time there was a profusion of incompatible 
regulations around food crops and products (Phillips, 1981). The creation of legislation to 
establish conformity of nomenclature, process, methods and measures for the purpose of 
facilitating international trade and instituting food safety regulations was seen as imperative to 
the larger goal of administering to the world’s hungry (Phillips, 1981). The difficulties inherent 
in addressing international food concerns during a World War in 1943, and later during the 
rebuilding of many member countries in the ensuing 15 years, caused delay in the 
implementation of universal practices (Phillips, 1981). Consistent reliable crop measurement on 
a global scale began in earnest in 1961 (Phillips, 1981). In 1962 the Codex Alimentarius (“Food 
Code”), prepared in joint effort by the FAO, the World Health Organization (WHO), the 
Organization for Economic Co-operation and Development (OECD), the United Nations 
Economic Commission for Europe (UNECE) and the Council of the Codex Alimentarius, was 
put into place to coordinate standards of sanitation, quality and measurement between the 100 
member nations (Phillips, 1981). This work continues today. 
Agricultural crop yields are typically enumerated in tons in the US per individual crop, 
and in metric tonnes in most of the rest of the world. The unit of measurement for human 
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metabolism has historically been calories, or correctly, kilocalories (kcal). In the International 
System of Units (SI) in use today around the world, the joule is the accepted base unit of energy. 
This paper uses joules as the base unit of energy measurement, transforming kcal of each crop 
into kilojoules (KJ) where necessary. One kcal is equal to 4.184 kilojoules. 
 The FAO maintains a database of global agricultural statistics called FAOSTAT. 
FAOSTAT, an acronym for FAO Statistics, is an interactive online database which contains 
records pertaining to food production and agriculture for 245 nations and territories. The 
FAOSTAT site includes, by year, key indicators conveying the status of each country in select 
categories, rankings of commodities by country in areas such as imports, production, exports, 
and additional production data. It also includes an archive of fertilizer inputs by country, crop, 
application, price and related attributes. Consumer price indices are a part of the FAOSTAT 
database. Links to regularly updated articles are kept on the site. All told, there are 78 databases 
in 15 different categories available for public use (FAOSTAT *BC, 2017) For the purposes of 
this study, the Food Balance and Production databases were extensively accessed and utilized. 
The majority of the data were derived from the production statistics. The FAO has tracked 
production data for significant crops consistently from a varying number of member countries 
and territories since 1961. Today there are 245 member nations and 248 crops cataloged. 
Consequently, the analysis contained herein was performed using production statistics on 
available data for 56 years from 1961 (earliest records) to 2016 (projected from most recent year, 
2014). This research aggregated world-scope data. 
2.2 Food Composition Tables 
Food composition tables are assembled data collected by nearly all nations for the 
purpose of enabling assessment of nutritional aspects of the food products in use in that country. 
	  
  7 
They typically include a proximate analysis for each food item in terms of protein, carbohydrate, 
fat, vitamin, mineral, fiber and moisture content, as well as specific energy per unit mass 
(kilojoules per 100 grams; KJ/100g). 
For this research, comprehensive analyses were undertaken of energy estimation from a 
comparison of food composition tables for the 22 representative countries and four aggregate 
regions, for which they were available. Data were derived from every continent except 
Antarctica. Local indigenous crops not considered significant by the FAO were not included in 
this study. The countries from which food composition tables were available, were published in 
either English, French or Spanish (those languages with which the investigator is familiar), and 
were in an accessible list format as opposed to an image format were: Argentina (Closa and De 
Landeta, 2010), Bangladesh (Shaheen et al., 2013), Cambodia (ASEAN Food Composition 
Database, 2014), Canada (Canadian Nutrient File, 2015), China (China Food Composition 2002), 
India (Longvah et al., 2017), Indonesia (ASEAN Food Composition Database, 2014), Japan 
(Watanabe, 2015), Kenya (Sehmi, 1993), Korea (Kim, 2013), Laos (ASEAN Food Composition 
Database, 2014), Lesotho (Lephole et al., 2006), Mozambique (Korkalo et al., 2011), Nepal 
(Food Composition Table for Nepal, 2012), Pakistan (Hussain, 2001), Tanzania (West et al., 
1988), Thailand (ASEAN Food Composition Database, 2014), The Gambia (Prynne and Paul, 
2011), Uruguay (Tor and Herrera, 2002), USA (USDA, 2016), Vietnam (ASEAN Food 
Composition Database, 2014), and Zimbabwe (Chitsiku, 1989). As well, the FAO Food 
Composition Tables for use in the aggregate areas of East Asia (China, Hong Kong, Japan, 
Macau, Mongolia, North Korea, South Korea, Taiwan) (Leung et al., 1972), Africa (all countries; 
Leung, 1968), East Africa (West et al., 1988), and West Africa (Benin, Burkina Faso, Gambia, 
Ghana, Guinea, Mali, Niger, Nigeria and Senegal; Stadlmayr et al, 2012; Nordeide, 1995), were 
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also reviewed. The World Food Programme also provided food composition statistics for these 
select items: barley, beans, bulgur wheat, cereal general, common wheat, fresh fruits, fresh 
vegetables, ground nuts, maize, miscellaneous potatoes fresh, mung beans, peas, pulses, rice, 
roots and tubers, rye, soya beans. These were also reviewed relative to the aforementioned tables 
for the sake of comparison. In total this enabled averaging of energy values for slightly disparate 
assessments given in different countries for the same crop. 
Not all national governments have created nutrient databases (TFSNSP, 2017) to assist in 
quantifying nutrient intake among their populations. This research compared all that were 
available in English, French or Spanish. A national or regional nutrient database contains 
information on significant constituent components of each food item. By convention the 
components of these proximate analyses are listed as percentages. Included are such elements as 
protein content, carbohydrate content (often listed as CHO, “carbs” or starch), ash, fiber, lipids 
(or fats), moisture and specific energy in kilojoules/100g. Additional attributes such as specific 
amino acids and levels of certain vitamins and/or minerals may also be included. An example of 
a portion of a Food Composition Table for Use in Japan is seen in Table 1. 
Although they are similar, every country’s database does not contain an identical 
breakdown of constituents. Furthermore, countries produce and track crops indigenous to their 
climate and economy. This means that items found in one nutrient database may or may not be 
found in another. Finally, due to different soils, season lengths, growing conditions, irrigation 
methods, climate or different varieties of the same fruit or vegetable, the resultant specific energy 
given for a specific crop might show substantial variation.  
The United States Department of Agriculture (USDA) Agricultural Research Service 
maintains a comprehensive interactive website of over 214072 food items, the USDA Food 
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Composition Databases (http://ndb.nal.usda.gov/ndb/foods). The National Nutrient Database for 
Standard Reference, Release 28 (USDA, 2016)  was the database from which specific energy 
references were initially derived. Specific energy for each of these crops were acquired from 
various sources and used to estimate the energy yield of all global crop production. For those 
items for which specific energy values were not found in the USDA database, other nutrient 
databases were consulted. Crops and food items used for this research are tabulated in Table 2. 
Additionally, production data were downloaded for all other non-food crops and crops in 
processed form from the FAOSTAT database. Table 3 provides a list of processed food items 








Table 1. Sample Portion of Food Composition Table from Japan. This food composition table 
categorizes each crop into a grouping, numbers each item individually, lists the common name 
and state (e.g.:raw) of each item, lists the energy value in kilocalories, then joules, and then 
delivers a typical proximate analysis of each item listing the grams per 100 grams of each of the 
five major categories of analysis. (https://www.ncbi.nlm.nih.gov/pubmed/26598875)  
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2.3 Food Balance Sheets 
Food balance sheets are a detailed narrative of the agricultural standing of each country 
for which they are kept. Currently, food balance sheets are kept for 196 countries and territories. 
A food balance sheet details the pattern of domestic availability of each commodity produced or 
traded within that country, its nutrients, source, yearly yield, price and stock levels within a 
specific time frame (FAO, 2001). Per capita consumption availability for each crop is delineated. 
By appraising yearly stores of food, feed, seed, imports, exports and waste, these statistics are 
used to measure food insecurity (FAOc, 2017). 
 Food insecurity is determined through assessment of the quantity and nutritive values of 
the annual production, by analyzation of fats and oils, protein content and the energy value of the 
foods. An accounting is made of supplies consigned to export, shrinkage due to complications in 
storage or lost during transportation (FAO, 2001). Additional subdivisions are made to 
categorize those crops used for seed and those fed to livestock as animal fodder (FAO, 2001). 
To ascertain the information for the food balance sheets, in each country the per capita 
apportionment is determined by dividing the total tonnage yield for each product by the 
population of the respective country (FAO, 2001). Concurrent calculations are made to 
determine the calories, fats and proteins for each crop (FAO, 2001). The data are collected within 
explicit, regular time periods, aggregated annually, and thus provide indications of likely future 
stores and potential threats to availability in approaching seasons (FAO, 2001). By comparing 
the data over the course of years, policy makers are able to reveal patterns in diet and adequacy 
of food and nutritional requirements to local populations (FAO, 2001). Comprehensive health 
assessments of livestock and poultry are able to be similarly determined (FAO, 2001). Food 
balance sheets are also used to record accrued deficits which may occur during post-harvest 
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storage antecedent to sale, or due to unsold product as a result of asymmetry of supply and 
demand (FAO, 2001). While it is recognized that other losses of energy occur in a 
comprehensive evaluation of the food chain between planting and plate waste (Lipinski, 2013), 
the tracking of some facets of energy loss is outside the parameters of FAO assessment. 
Additional food losses occur after market. Food balance sheets provide an accurate evaluation of 
agricultural statistics within acceptable and understood parameters. 
 
2.4 Population 
The UN Department of Economic and Social Affairs, (UNDESA) Population Division 
gives the following population graph projections as of December 2017, Figure 2.1. 
Using World Bank designated income groupings as well as UN recognized countries and 
territories, the DESA Population Division estimates possible population outcomes into the future 
as far as the year 2100. The data are based on current knowledge of fertility, life expectancy at 
birth and income for the populations of each country (USDESA, 2017). Those figures are then 
projected, given current social and political understanding of likely outcomes, using a Bayesian 
Hierarchical Model (UNDESA, 2017).  
The black line which reaches from 1950 to 2016 represents historical population figures 
(USDESA, 2017). The solid red line is the median of all the projections (USDESA, 2017). The 
dashed red lines represent the 80% probability interval levels of the predictions and the dotted 
red lines represent the 95% probability interval levels of the predictions (USDESA, 2017). The 
gray lines are 60 model progressions based on potential variables in interpolating the data 
(USDESA, 2017). The blue dashed lines represent the high and low probability projections using 
a deterministic statistical model (+/- 0.5 child) based on the UN report, The 2017 Revision of the 




Figure 2.1 World Population. (UNDESA, 2017) 
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As is made clear by this 2017 revision of population projections, the latest computation 
continues to show between 8.7 and 10.5 billion people on the planet in the year 2050. The 
UNDESA adjusted their previous low end population projection upward in 2016 as reported by 
Worldwatch Institute (Block, 2009). The World Bank interactive database corroborates this with 
a projection of 9.7 billion global population in 2050 (The World Bank, 2017). Nine billion eight 
hundred thousand is the most recent UN forecast as of this writing (UNDESA, 2017).  
Population projections give us an estimate of the energy demand that will be required to 
feed a growing human population because human need is based on the size of the population. 
The Office of the United Nations High Commissioner for Refugees (UNHCR) determined 
8786.4 kJ/day to be lowest energy requirement which is considered sufficient to meet the energy 
requirements of moderately active people in a room temperature environment (UNHCR, 2002). 
According to their guidelines, “This estimate covers the energy needs of a typical population in a 
developing country, assuming a standard population distribution, body size, ambient 
temperature, pre-emergency nutritional status and light physical activity level” (UNHCR, 2002).  
 This demand must be met by the output of agricultural production. Energy requirements 
for an individual are determined by activity level, age, height, and gender, as well as the climate 
in which the subject lives. The composite of these parameters has been tabulated to fall within a 
range of between 7530 kJ and 14644 kJ globally, depending on activity level (Smil, 2000) 
(converted from kcal). Smil calculated the activity levels and energy requirements for “six of the 
world’s most populous nations” and derived a figure of 2100 kcal (8786 kJ). To represent a 
conservative value for adequate energy consumption by the global population, The Demotechnic 
Index (Mata et al., 1994) was used to calculate 9760 kJ/day (converted from kcal). This 
corresponds favorably with recent research of total daily energy expenditure (CALERIE, 2013). 
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Total daily energy expenditure (TDEE) was resolved through several studies of more than 200 
subjects, >21 and <50 y, male and female, mixed race, with normal to slightly overweight (<28) 
body mass index (BMI in kg/m2) levels. The research was conducted for a period of 28 days, 
using innovative technological measurement of fat and fat-free mass through dual-energy X-ray 
absorptiometry in a doubly labeled water (DLW) evaluation. Consistently, TDEE was found to 
be between 2422 ± 404 kcal/d (10133.65 KJ ± 1690.34 KJ) and 2465 ± 408 kcal/d (10313.56 KJ 
± 1707.07 KJ). The mean TDEE was 2443 ± 397 kcal/d (10221.51 KJ ± 1661.05 KJ) with an 
intra-class correlation coefficient of 0.90 (CALERIE, 2013). Although further study remains to 
be considered incorporating varying physical activity levels (PALs) and known measures for 
basal/resting metabolic rate (BMR), without the advanced technology of DLW measurement, 
this provides an innovative best estimate.  
In a recent paper, Boss et al. (2017) used 9626 KJ/d. That figure has been used in this 
research. 
Accordingly, world human demand for energy per year presents us with a total figure for 
metabolic demand which is represented by multiplying total population by human energy 
requirement by days in the year: 
Eh = Ereq x P x 365.25 days y-1   (Boss et al., 2018)  (1) 
“Where Eh is the annual human metabolic energy demand, Ereq is the required daily 
metabolic energy intake per capita (KJ), P is global population, and 365.25 is the 
number of days in one year.” (Boss et al., 2018) 
The Julian calendar standard unit for days in a year according to the International System of 
Units (SI) is 365.25, as determined by the National Institute of Standards and Technology at the 
US Chamber of Commerce (NIST, 2008). Total world population data were gathered from the 
database at the FAOSTAT website. 
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2.5 Aggregation of World Agricultural Output 
The FAO maintains an online portal to data from all member nations and associated 
territories. This agricultural statistical database reaches back to 1961 for some of the largest 
global trading partners. It serves as the foundation for the World Agricultural Information Centre 
(WAICENT), where an index is kept of information on nearly every aspect of food production 
globally, including statistics, maps, and reports from every unit and division of the FAO 
(WAICENT, 2017). Publications, recent developments, historical materials, nutrition data, 
economic data, land use, trade, food security assessments and emissions data can be found 
through this network. The statistics division of the FAO, FAOSTAT, provides an expansive and 
interactive database through which specific individualized collections of material may be 
explored.  
For the purposes of this research, the entire compilation of production data for 
agricultural crops from every affiliated domain was amassed for all available years (1961- 2016). 
The initial file contained results for 184 crop items, from 197 countries and territories, for a 
period of 56 years and a total of 1,957,392 entries.  
 
2.6 Global Production and Mass Partitioning 
World Crops Production 
i) Major Crops, defined 
The FAO makes global crop production data openly available in a customizable directory 
through which the results may be downloaded (FAOSTAT database collections). This list is 
included in Table 2, List of Crops. It is from this list that the total energy yields of global crop 
production was derived for this research. 
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Primary crops are defined as, “those which come directly from the land and without 
having undergone any real processing, apart from cleaning” (FAOSTAT, 2001). It should also be 
noted that some primary crops are individually counted as a crop while other crops are 
aggregated according to their common agricultural purpose such as oil-bearing crops. In general, 
the crops considered most significant are those which are of economic value on a national level. 
Local berries or nuts, edible flowers, highly perishable fruits of limited growth range and any 
other products on a global scale are not considered major crops. Being negligible, they do not 
limit the validity of the results of the study. Countries with specialized commodities of limited 
local importance aggregate these products into a category such as “Nuts, nes” (not elsewhere 
specified), “Tubers, nes,” “Vegetables, nes.” 
Strict guidelines for reporting production statistics are administered to individual farmers 
worldwide via their local farm agencies. These guidelines are overseen by the United Nations, 
specifically the FAO, to assure that common harvest and reporting practices are undertaken on 
every farm related to the accounting of agricultural output. Stringent measures are undertaken to 
make certain that crops are not double counted. Farmers of fiber crops, for instance flax and 
hemp, report seed crops separately from those grown for fiber. 
The FAO defines production as “…total domestic production whether inside or outside 
the agricultural sector, i.e. it includes non-commercial production and production from kitchen 
gardens.”  The items shown in Table 3, List of Omitted Crops, were omitted from the analysis. 
 
ii) Mass 
Data for agricultural production aggregated yearly by the FAO is chronicled in metric 
tonnes. Consistent records for 100 original UN member nations has been gathered since 1961. In 
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ensuing years additional countries joined the United Nations. Agricultural output and trade data 
are attempted to be gathered by the FAO for all nations regardless of UN membership. Currently 
there are 193 member nations. The FAO tracks agricultural data for over 245 nations, former 
nations, and territories covering virtually all the land used for agriculture globally. This includes 
all conventionally recognized geographic regions, with the exception of Antarctica where there is 
no agriculture. 
Measurement methods for crop tonnage varies by crop. The FAO disseminates extensive 
guidelines for the calculation of every crop. A sample of the Farming Systems Development 
approach used in Africa can be used as an example (Norman et al., 1995). Typically, a known 
field size is parceled into quadrats. In the case of sorghum and millet, for example, the quadrat is 
2m by 2m. A specific number of sub-samples are taken in several repeated contiguous patterns. 
Within each quadrat a determination is made as to the degree of maturity of the grain heads. The 
grain is then dried and weighed and may be estimated by hand by the following formula, as 
delineated in the FAO database: 
Average head weight (kg) = total weight in sample of heads taken (kg) / number 
of heads. 
 
Total potential grain yield (kg/ha) = (av. head weight x av. number HR heads) + 
(av. head weight x av. number MT heads) + (av. head weight x av. number GZ 
heads). 
 
'Potential' is indicated because the GZ heads have been eaten by animals and are 
not available to the farmer for harvest. 
 
Total grain yield for farmer (kg/ha) = (av. head weight x av. number HR heads) + 
(av. head weight x av. number MT heads). 
 
Grain yield per hectare (kg/ha) = (plot yield (kg) x 10,000)/plot size in square 
metres, 
 
For example, if 18 kilograms are harvested and the plot size is 10m by 25m 
metres, then: 
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Grain yield (kg/ha) = (18 kg x 10,000)/(10 metres x 25 metres) = 720 kg/ha 
(Norman et al., 1995).  
 
Similar practices are used for other ground crops to estimate yields in developing 
countries (Norman et al., 1995). In developed countries, computer programs with complex 
algorithms have been designed to more easily and accurately gauge the output of  massive agro-
industrial operations (Shellito, 2012). Also in developed countries, LANDSAT remote sensing 
satellite images capture crop data (Shellito, 2012). Intimate details of agricultural holdings 
scanned on a periodic basis throughout the season offer finely tuned analysis of crop yields using 
moderate resolution imaging spectroradiometer (MODIS) tools made available through the 
National Aeronautics and Space Administration (NASA) in the US and similar products in 
Europe and other countries (Shellito, 2012). Using infrared and true color images assayed against 
known vegetation index products such as the Normalized Difference Vegetation Index (NDVI) 
or the Enhanced Vegetation Index (EVI) farmers are able to quantify crop yields with a high 
degree of accuracy (Shellito, 2012).  
Tonnage for each crop is then reported to the FAO through local governmental channels 
and national statistics services for each country on a monthly basis and is aggregated and 
reported yearly by the FAO Statistics Division (ESS) (FAOSTAT *BC, 2017). For this research 
it was necessary to then convert the tonnage (metric tonnes) into the SI standard of kilojoules. 
 
iii) Mass to Energy Conversion 
For this study the total of all world gross crop tonnage (mass) values were downloaded 
from the FAOSTAT database (FAOSTAT *QC, 2017). The FAO database contains crop records 
at this time for 173 products. These products are broken down into the following categories: 
“Crops Primary, Fibre Crops Primary, Cereals, Coarse Grain, Citrus Fruit, Fruit, Jute & Jute-like 
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Fibres, Oilcakes Equivalent, Oil crops Primary, Pulses, Roots and Tubers, Treenuts and 
Vegetables and Melons” (FAOSTAT *QC, 2017). In some categories, such as Cereals, the data 
reflects only those crops harvested for human use (FAOSTAT *QC, 2017). This distinction also 
applies to Vegetables, total including melons (FAOSTAT *QC, 2017). However, data pertaining 
to Fruits (excluding melons) is much more approximately asserted due to slightly inconsistent 
collection of data between countries (FAOSTAT *QC, 2017). However, the FAO maintains a 
strict system of quality assurance (FAOSTAT *QC, 2017). 
This research concentrated on food crops broadly, and unprocessed forms of food crops, 
specifically. Prior to the year 2000, the FAO found it necessary to use local non-metric 
conversion factors to transform local weights and measures into metric weights because many 
countries still relied on their own weight and measurement system (FAO, 2000). While earlier 
data were converted by FAO statisticians, since 2000 “nearly every country in the has world 
reported its commodities in metric tonnes” (FAO, 2000). 
Early in the inception of the FAO, it was realized that it was of utmost importance to 
accurately and consistently determine “the calorie and nutrient requirements of human beings” 
(FAO, 2003). Since the mid-nineteenth century scientists have used the Weende Method to 
determine proximate analysis of food items (Greenfield and Southgate, 2003). Proximate 
analysis for every food eaten is the basis of all assessments of global nutrition. Knowledge of 
food components is used by policy makers, dietitians, nutritionists, health providers, politicians 
and other community leaders to determine food security, school lunches, hospital fare, and 
adequacy of local agriculture and imports to meet the community’s dietary needs. A proximate 
analysis provides a breakdown of the agreed upon major essential components of the item being 
tested (Van Soest, 1964). These items are protein, carbohydrate, fats/lipids, water, fiber and ash.  
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Typically the specific energy accompanies the proximate analysis data. By convention today, the 
specific energy is commonly provided in the metric units of kilojoules/100g although in past 
decades it was provided in kilocalories/100g (The Editors of the Encyclopædia Britannica, 
2016). Energy conversion for each major constituent in an item has been shown to result in 
different energy outputs. The energy density for each category of “energy yielding substrates” 
for any given product is presented uniformly for that category in concurrence with the “Atwater 
general factor system” (Atwater and Woods, 1896) based on the heat of combustion of each 
element. For lipids this is 37.656 KJ/g, while the energy available from proteins and 
carbohydrates is 16.736 KJ/g. These combined calculations for each component of the food 
being analyzed yields the specific energy of that item.  
 
Proximate analysis 
Proximate analysis was first used in an attempt to determine digestibility and quality for 
animal feed as early as 1809 (Van Soest, 1964). However it wasn’t until the discovery by 
Henneberg and Stohmann in 1860 that fiber and cellulose were digestible by herbivores that 
heralded the development of the Weende System of feed and food analysis which is still in use in 
modified form today (Van Soest, 1964). See Figure 2.2, an example of proximate analysis for 
carrot leaves.
	  






















Figure 2.2 Proximate Analysis, An Example. A proximate analysis typically consists of levels 
of the major chemical constituents of each item analyzed. These are the moisture or water, ash 
or mineral content, lipid/fats content, proteins, fiber and carbohydrate content. (Almeida-
Muradian et al., 1997)  
	  
  23 
Proximate analysis derived energy data are recorded in KJ. For consistency, the unit of 
weight for all food measurement is 100 grams. A determination of the aggregate of the world’s 
crop production in tonnes was made for each crop and for each country for every year of the 
study, 1961-2016. This figure was then converted to KJ, to acquire energy data for the tonnage 
of every crop, for every year of the study, 1961-2016.  
“Estimates of the energy density of foods (KJ 100g-1) is derived from 
proximate analyses using standard conversions for the energy content of proteins, 
carbohydrates, and fats/lipids known as Atwater General Factors (Atwater and 
Woods, 1896; Chatfield and Adams, 1940; Aitken et al., 1980; FAO, 2003; 
Greenfield and Southgate, 2003): 
Energy content of proteins, Ep = % protein (g 100g-1) x 16.7 KJ g-1 (2) 
Energy content of carbohydrates, Ec = % carbohydrate (g 100g-1) x 16.7 KJ g  (3) 
Energy content of fats/lipids, Ef = % fat/lipid x (g 100g-1) x 37 KJ g-1 (4) 
The energy density, Erho, of a food item (KJ 100g-1) is then estimated simply by 
summing the estimated energy values of the major constituents: 
Erho = Ep + Ec + Ef (5) 
The estimated energy density of individual agricultural items (Erho, KJ 100g-1) 
was multiplied by 1 x 106 g T-1 to derive energy per tonne (KJ T-1) and KJ T-1 was 
multiplied by annual production (tonnes) for each item to determine the annual 
energy output. Finally, the annual energy output of individual items were summed to 
derive the total annual energy output of global agriculture.” (Boss et al., 2018) 
 
iv) The Apportionment of Crops 
Using these computations for each year from 1961 to 2016 yielded a running tally of the 
annual energy yield of the world’s crops for 56 years. This data were plotted to show the trend in 
energy yield of global agriculture over time. Global energy yield was then graphed relative to the 
annual metabolic requirement of population for the same time period to compare the human 
metabolic energy demand relative to availability of agriculture to meet that need, as described 
earlier.   
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Data were then downloaded from the Supply/Utilization Accounts (SUAs) available on 
the FAO website which disclosed the breakdown by the FAO of the world’s crops into usage 
distribution. The SUAs evolved as a way to describe integrated data. Their purpose is the 
recounting of all facets of the statistics of a commodity from seed to final application in an 
inclusive way with other data series such as exports, non-food purposes and more. Previous 
statistical data had focused on a single aspect such as trade as a sole parameter. Using multi-
faceted data enables the balance equations to be built in several contrasting ways in order to visit 
the same data from different perspectives: 
If a net decrease in stocks is defined as "from stocks" and a net increase in stocks 
as "to stocks" the following two equations will be obtained: 
i) from stocks + production + imports = exports + feed + seed + waste + 
processing for food + food + other utilization; 
or: 
ii) production + imports = exports + feed + seed + waste + processing for 
food + food + other utilization + to stocks. 
The combination of production and imports with both increases and decreases in 
stocks results in a supply available for export and domestic utilization, where 
domestic utilization is defined as the sum of: feed + seed + waste + processing for 
food + food + other utilization. 
(FAOb,2017) 
This paper is concerned with only raw crops not processed commodities and so 
maintained a simplified accounting. For every country, every unprocessed food crop, for 
each year 1961-2016 (the full extent of the data available at the present time), data were 
downloaded for each of the pertinent categories. In this way, tracking was appraised for 
the following for primary agricultural crops: Crops Total, Food, Feed, Seed, Waste, and 
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World Crops Production 
Production for each country, according to the FAO Definitions and Standards for Crops, 
is tallied for all crops grown, whether commercial or non-commercial, and includes the estimated 
yields of kitchen gardens but not harvest losses.  In order to see a more nuanced picture for each 
category, graphs for each separate classification were created individually.  
In each of those subsequent graphs, Figs. 3.3 through 3.22, the most up-to-date data as 
downloaded from FAOSTAT for that category, is shown. Tonnage per year was converted in a 
weighted algorithm per crop, per year, to kilojoules per year for the sum of all crops.  
 
World Edible Crops  
Edible crops refers to those crops grown and utilizable for human consumption. The FAO 
states, “The definition of a complete list of potentially edible commodities presents virtually 
insurmountable difficulties - both conceptual and statistical” (FAO, 2001). Nonetheless, they 
have compiled an agreed upon conceptual framework. Tonnage per year was converted per crop, 
per year, to kilojoules per year as described above and annual energy of all crops was summed to 
derive the total energy yield of global agriculture.  
 
World Feed Crops  
Feed refers to crops destined to be used for livestock and poultry. Figure 3.6 shows that a 
significant portion of land use and crops grown are given over to livestock and poultry. In the 
final year of the data, 2012, global crop yield was 5.13E+16 KJ (Figure 3.2) while the crops, 
fodder and silage devoted to animals totaled 2.78E+16 KJ (Figure 3.6). The data shows that 
54.4% of the energy of crop yield was dedicated to feed for animals. Some of this energy 
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apportioned to meat animals was actually the detritus of human crops, that is that portion of a 
human crop which is left over after the crop has been processed for human use such as apple 
cores, grape marc, oilseed cakes and the corresponding residue of other crops.  
Nonetheless, a notable quantity of raw materials are given directly to animal feed. A table 
from the American Feed Industry Association (AFIA) shows, in Figure 2.3 a sample of the 
magnitude of individual crops as raw materials devoted directly to animals in 2014. 
Tonnage per year was converted in a weighted algorithm per crop, per year, to kilojoules 
per year for the sum of all feed crops. Where data had not been updated by the FAO to the final 
Figure 2.3 Raw Materials Used in Feed. A list of the major components of animal feedstocks, by 
common weight measure for each commodity. (AFIA, 2015)  
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date of this research, exponential projections were done using a Compound Annual Growth Rate 
(Lewin, 1970) formula. The resultant projections are shown in a lighter color at each of the dates 
where needed. 
 
World Crops Seed 
Seed indicates a quantity of crops specifically allocated to be grown to that stage of 
maturity which best facilitates their use in providing reproduction of the crop in the next season’s 
planting. Not all crops producing globally are recorded as seed crops. For instance, fruit trees are 
often propagated by grafting. Cassava is propagated by stem parts. Other crops such as olives, 
are annuals and produce fruit yearly. Additionally, as will be seen, the gathering of data around 
seed crops has not been aggregated consistently by every country for every year.  
Tonnage per year was converted in a weighted algorithm per crop, per year, to kilojoules 
per year for the sum of all crops. Where data had not been updated by the FAO to the final date 
of this research, projections were done using a Linear Weighted Moving Average (Hazewinkel, 
2001) formula which uses a least squares method. The resultant projections are shown in a 
lighter color at each of the dates where needed. 
 
World Crops Waste 
Waste is the term used to describe the aggregated food lost only during production, 
harvest, storage, and transportation to retailers. The World Resources Institute uses the 
terminology “loss” to define what the FAO calls waste, to wit: 
“Food loss” refers to food that spills, spoils, incurs an abnormal reduction in 
quality such as bruising or wilting, or otherwise gets lost before it reaches the 
consumer. Food loss typically takes place at the production, storage, processing, 
and distribution stages in the food value chain. It’s usually the unintended result 
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of an agricultural process or technical limitation in storage, infrastructure, 
packaging, and/or marketing. (Lipinski,2013). 
Post-consumer waste is outside the parameters of this study. Tonnage per year was 
converted in a weighted algorithm per crop, per year, to kilojoules per year for the sum of all 
crops. Where data had not been updated by the FAO to the final date of this research, projections 
were done using Linear Weighted Moving Average (Hazewinkel, 2001) formula using a least 
squares method. The resultant projections are shown in a lighter color at each of the dates where 
needed. Wastes lost between planting and harvest to pests, pathogens and weather events are not 
tracked in this facet of the FAOSTAT database. 
 
World Crops Appropriated for Biofuels Synthesis 
Biofuels include ethanol and biodiesel. Ethanol can be made from many crops but is 
primarily produced from sugarcane and maize, with Brazil and the US, respectively, satisfying 
87% of global production (Wiebe, 2008). Biodiesel is produced mainly from rapeseed in Europe 
and soybeans in the Americas, again notably Brazil and the US. Other crops such as palm oil in 
Malaysia dominate the industry for particular countries though not on a global scale. The sources 
of the data regarding biofuels do not come from the FAO database because they were not 
available as a specific set of classifications.  
The production of biofuels did not begin to be calculated globally until 1975. FAO works 
in conjunction with the OECD to track biofuel use. However, the information is incomplete 
relative to the world records available elsewhere. The Worldwatch Institute turned up more 
complete data (Worldwatch, 2012). This was augmented with statistics from Lester Brown’s 
research through the Earth Policy Institute (Earth, 2007). This was then compared to the OECD 
data (OECD, 2017) and data from the Energy Information Administration (EIA) website (EIA, 
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2017). In a final determination it appeared that the Worldwatch data (Worldwatch, 2012) 
combined with the Earth Policy data gave the most complete record. 
 
World Crops Other 
The FAO production category of Other is used to indicate diversion of crops to industrial 
uses such as oils for machinery or soap making. It also refers to food consumed by tourists. This 
designation is made for accounting purposes to discriminate between crops grown to feed the per 
capita populace of each country and that which supplies the industry of tourism. Pet food 
production is also included in this category.  
Tonnage per year was converted in a weighted algorithm per crop, per year, to kilojoules 
per year for the sum of all crops. Where data had not been updated by the FAO to the final date 
of this research, projections were done using a Linear Weighted Moving Average (Hazewinkel, 
2001) formula which uses a least squares method. The resultant projections are shown in a 
lighter color at each of the dates where needed. 
 
2.7 Assumptions and Limitations 
It is challenging to calculate tonnage on the farm especially for many small farming 
operations especially in developing nations. Over the last seven decades the FAO has worked 
diligently to implement a level of harvest assessment consistency among farmers around the 
world. The process of increasing accuracy in assessment of yields continues today. In the real 
world, it is not possible to account for every grain of wheat, ear of corn or hazelnut, to give 
examples.  
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Numerical estimations of agricultural yield are made based on many factors 
encompassing soil type, crop type, farm type, rainfall, irrigation, climate and other determinants. 
Each of these can introduce a level of variability. Furthermore, the integrity of the process relies 
on farmers, local agricultural administrators, statisticians, academics and national and 
international cooperation. The end result is a detailed, intricate, complex and quite accurate 
estimation of crop yields. Yet it is still, and can always only be, an estimation. It is the globally 
accepted standard. 
The FAO Supply/Utilization Accounts webpage (FAOSTAT, /#data/BC) was accessed to 
acquire the supply balances for each category into which the commodities are divided. These 
data were likewise converted from mass to energy quantities. Analysis of the distribution of 
agriculture as commodity was then conducted to establish apportionment of energy through a 
systems approach, again relative to global human requirements. 
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CHAPTER 3: Results 
 
3.1 Global Human Metabolic Energy Requirement 
Figure 3.1 represents the global human energy demand in KJ from 1961-2016. World 
population in 1961 was 3,090,305,279. World population in 2016 was 7,466,964,280 (United 
Nations, 2017). The world population in 1961 was 41% of that in 2016. This is a 4-fold increase 
over 56 years. 
Using the formula for compound annual growth rate, we see that this is a 1.6% mean 
growth per year: 
(7,466,964,280/3,090,305,279)^(1/(56-1)) -1= 0.01616  (6) 
=1.6% 
Where 3,090,305,279 is the global population in 1961, 
7,466,964,280 is the global population in 2016, 
and 56 is the number of years. 
 
A 1.6% yearly growth rate, factored into the formula for doubling time (Slavin, 1989):  
(dt=70/r)                                    (7) 
 
shows us that the population can expect to double in approximately 43.75 years from 
2016 on its current trajectory. Meaning that in September of 2059 we could have a population of 
14,933,928,560. However, expectations are that the rate will decline for a variety of reasons such 
as declining fertility rates (United Nations, 2017), and a declining birth rate (United Nations, 
2017), with the current projection being a global population of 10.8 billion by 2050. Although 
we know that human growth is exponential, for this brief period of human history the data fits a 
linear trend line with an r2-value of 0.99926. 
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Figure 3.1 Global Agricultural Output - Human Metabolic Demand. Global energy demand of 
the human population from 1961 to 2016 was calculated using annual population figures 
multiplied by a standard daily metabolic demand of 9626 KJ/d * 365.25 as described in section 
2.4. For this 56 year period, the best fit r2-value is linear. 
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3.1 Global Crop Output 
 
World Crops Production 
As per the FAOSTAT Statistical Division, the dissemination of crop products is 
subdivided into six primary categories: Food, Feed, Seed, Biofuels, Waste and Other. Other 
refers to industrial uses including fiber products, pet food, paint, cosmetics, dyes, tobacco 
products, construction, food dedicated to the tourism industry and other uses. Figure 3.2 is a 
graph of the distribution of global agriculture into these uses. Complete data were found to have 
disparate end dates in each category. The final year for which all crop data were fully available 
was December 15, 2016. Therefore 2016 was chosen as the end date for this portion of the 
research.  
It is notable that there is a sharp increase in the rate of crop production after 2002 - as 
represented by the change in slope of the trend line (Fig. 3.2)., as represented by the change in 
trend line, from 2002 onward. Primarily this represents an increase globally in the production of 
both maize and sugar cane for use as biofuels during this time (Pardey, 2014). 
For perspective on the relationship of global crop energy yield relative to global human 
metabolic energy demand, Figure 3.3 shows the data graphed side by side. Global crop energy 
yield has substantially outpaced human energy demand throughout the time period studied. 
Global crop energy yield amounted to 1.81E+16 KJ in 1961. In 2016 the energy output of global 
crops totaled 6.40E+16 KJ. This amounted to a 253.5% increase in crop energy output over that 
time period. 
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Figure 3.2 Global Crop Energy Yield. Global crop energy yield is graphed for each year from 
1961-2002 in green. A linear trend line, in orange, shows a regression of 0.9945 indicating an 
excellent fit. After 2002, the crop data (in blue) spikes upward to the final year of 2016. A 
trend line here also shows a good fit, with a regression estimation of 0.9783.  
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Figure 3.3 Global Crop Energy Output versus Global Human Energy Demand.	  A side by side 
comparison of global human metabolic energy demand from 1961-2016, relative to the energy 
output of global crop production for the same period. 
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World Crops Edible 
No matter where the crops are ultimately dispatched, the majority of the crops grown are 
crops which could be used for human food consumption. Figure 3.4 shows global crop energy 
output with the energy output remaining when the energy of non-food items is subtracted. This 
leaves the energy available from crops which are edible. 
A comparison of the data for edible crops versus the total of edible and non-food crops 
can be seen in Figure 3.5. Global crops grown for the purposes of fiber, tobacco and non-edible 
oils do not significantly impact the overall production of crops available for human metabolic 
need. 
Global crop production, minus fiber and non-food products, amounted to 1.79E+16 KJ in 
1961. In 2016 the energy output of global crop production minus fiber and non-food products, 
totaled 6.36E+16 KJ. This amounted to a 255.3% increase in edible crop output over that time 
period. 
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Figure 3.4 Global Edible Crops. Global edible crop production represents those crops of left 
from the Total Global Crop Output when non-food crops have been deducted. 
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Figure 3.5 Global Crop Output Relative to Global Edible Crops. Non-food crops such as 
fiber crops and tobacco detract little from the total numbers for yearly global crop 
production. 
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World Crops Feed 
Figure 3.6 records the total energy of food crops apportioned to the category of animal 
feed. The data show that a significant proportion of global crop production suitable for human 
demand is diverted to feed livestock, Figure 3.7. For the last year of conclusive data, 2013, the 
portion of global crops dedicated to feed is shown to be 46.9%. This compares with a similar 
46.7% in 1961. 
As can be seen in Figure 3.8, the portion of the total global crop energy dedicated to 
animal feed would more than feed the global human population since at least the year 2000. 
In the course of this research the total global fodder production was also calculated, as 
tracked by FAOSTAT, with energy values derived from the Feedipedia website, a joint project of 
the Institut National de la Recherche Agronomique (INRA), Centre de Coopération 
Internationale en Recherche Agronomique pour le Développement (French Agricultural Research 
Centre for International Development, or CIRAD), the French association for animal production 
(AFZ), and the FAO. 
This research revealed that fodder production has been gathered erratically over the 55 
year period under study. Many countries did not participate in tracking fodder crops until the 
1980s, and not all crops were tracked consistently. Tracking overlaps for much of the data from 
each country around 1985. Nonetheless, the graph in Figure 3.9 is valuable in that it makes 
visible the additional proportion of agricultural energy parceled to livestock which could be 
allotted human need. This is significant given the 90% loss of energy between trophic levels in 
the food chain (The Editors of Encyclopædia Britannica, 2011) when considering the 
consumption of animals as opposed to plant materials in meeting human metabolic demand.
	  




Figure 3.6 Global Feed Production. The portion of the global crop production dedicated to 
feed crops has been rising steadily. 
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Figure 3.7 Global Feed Production Relative to Global Feed Apportionment. Roughly 47% 
of all global crop production is diverted to feed for livestock and poultry. 
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Figure 3.8 Human Metabolic Demand Relative to Feed Crop Production. The food crops 
diverted to livestock would more than feed the current global human metabolic demand. 
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Figure 3.9 Global Feed, Global Fodder Crops and Combined Data. In terms of energy, a 
significant proportion of agriculture is dedicated to livestock  
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World Crops Seed 
Seed crops have been tracked inconsistently as can be seen in Figure 3.10. The FAO is 
working to establish more consistency and quality throughout the world in seed production and 
distribution (FAO, 2018). 
In 1961, the year of the lowest point for the seed line on the graph, records show that 
1.26E+05 KJ were set aside specifically for seed. At the highest point on that data line, 2013, the 
last year of aggregated data, 1.49E+05 KJ were retained for an increase of 18.25% over 52 years. 
Compare this to a starting point of 1.81E+16 KJ in 1961 for total global crop production, and an 
ending point of 6.30E+16 KJ for the same category in 2013. It can be seen that total global crop 
energy output increased by 239.2% for the same period. Global Crop Output Relative to Global 
Seed Production. In terms of KJ, global seed production does not factor in substantially relative 
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Figure 3.10 Global Seed Production. The FAO is continuing to strive for best practices in 
terms of seed systems. 
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Figure 3.11 Global Crop Output Relative to Global Seed Production. In terms of KJ, global 
seed production does not factor in substantially relative to global crop output. 
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World Crops Waste 
Figure 3.12 shows the total aggregated pre-consumer, post-harvest global waste. The 
uptick in 2012 is an anomaly likely related to an increase in interest on the international level in 
tracking waste traceable back to that date. It does not significantly impact the trend line for the 
period of study. Wastes lost between planting and harvest to pests, pathogens and weather events 
are not tracked in this facet of the FAOSTAT database, as stated earlier. However, this loss is 
reported to be responsible for up to 40% of pre-harvest global agriculture production (Oerke, 
2006). 
Figure 3.13 provides a comparison of that post-harvest waste to the output of global crop 
production. In 1961 global waste was recorded at 1.24E+15 KJ. This was 6.85% of the total 
global crop production for that year, which totaled 1.81E+16 KJ. The last date of verified data, 
2013, shows that waste makes up 7.38% of the global crop output for the same year. This is a 
262% increase in waste over the 53 year period. However, global crop energy production 
increased from 1.81E+16 KJ to 6.10E+16 KJ, an increase of 237%. It would be wrong to 
speculate here regarding global post-harvest, pre-consumer waste increase, but there appears to 
be a correlation between increased waste and increased global industrialization of agriculture 
during the period under analysis. This suggests a possible subject worthy of further investigation. 
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Figure 3.12 Global Waste. As global crop production has increased, so has the waste associated 
with harvest and handling. 
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Figure 3.13 Global Crop Output versus Global Waste. Global waste is kept to a minimum 
relative to global crop production, due to the expense of losses at the pre-consumer level. 
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World Crops Appropriated for Biofuels Synthesis 
Biofuels production began on a global scale in 1975. Figure 3.14 shows global biofuels 
production. In 2002 it rapidly expanded production of maize and sugar cane, the primary source 
crops (Tenenbaum, 2008). Rapeseed and soybean crop production grew also, though to a lesser 
degree. The expansion was due to concerns about rising costs of fossil fuels and accompanying 
speculation that bio-based fuels could be a profitable alternative (Tenenbaum, 2008).  
As can be seen in Figure 3.15, biofuels production revealed the capacity of global 
agriculture interests to significantly increase the production of specific crops with adequate 
economic incentive. Biofuels production increased nearly 8-fold from a value of 3.90E+14 KJ in 
the year 2000, to a remarkable 3.00+15 KJ at its high point in 2013. These crops were allocated 
to industrial use rather than food for human need. 
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Figure 3.14 Global Biofuels Production. Global biofuels production did not play a significant 
role in the use of global crop production until the industry began to industrialize in 1975.  
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World Crops Other 
Agricultural output is put to many non-food uses. Figure 3.16 shows this increased use 
over the 55 year period studied. Plastics have become a more significant application of plant 
products (Poirier, 1995) as many societies try to wean themselves from petroleum products. Pet 
food for cats and dogs in the US accounts for approximately 2.03E+14 KJ which is roughly 19% 
of the food energy used by people in the US (Okin, 2017). Aggregated globally it is a far smaller 
proportion of the global agricultural output. 
The category of Other as recorded by the FAO would seem to include those crops 
dedicated to global biofuels production, but this is not explicitly made clear. As seen in Figure 
3.17, the FAO category of “Other” parallels the biofuels data derived from other sources. The 
inclusion of multiple other crops besides biofuels in this category accounts for the significantly 
larger energy yield of Other crops as compared to that of biofuels alone. The graph lines do not 
differ significantly in their direction, only in their magnitude.  
With the exception of the last 14 years wherein ramped up biofuels production had an 
impact on global crop output, biofuels did not significantly detract from global crop output. The 
impact of industrial use, inclusive of its many other components, however, was somewhat greater 
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Figure 3.16 Global Industrial Crops “Other”. This category is used by the FAO to track “other” 
uses of global crop production outside of national food production per country. 
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Figure 3.17 Other vs. Global Biofuels Production. The category of Other as tracked by the FAO 
may include the production of crops for biofuels use as tracked by other entities such as the 
OECD. It also includes other uses. 
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Figure 3.18 Global Crop Output Relative to Global Biofuels and Industrial Use. The use of crop 
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Relationship of Global Crop Categories 
The graph depicting the relationship of global crop categories, Figure 3.19, was included 
to provide a relative visual equivalence of each crop category to the rest.  
The total of all global crops is the top line; this is delineated into the two distinct linear periods 
of pre-2002, in dark green, and post-2002, in light green. The next line, dark blue diamonds, 
reflects the total energy of all global edible crops, that is, without the inclusion of fiber and non-
food crops. These are all crops which could be available for human consumption. The red line 
represents global human metabolic demand in KJ. The yellow dots are the portion allotted to 
feed crops for livestock animals and poultry. The line in brown dots represents energy loss from 
harvested crops to waste. The medium blue dots represent the category of crops given to 
industrial use as interpreted by the FAO, described earlier. The line of orange dots represents 
biofuels. The lowest line, in light blue, depicts that portion of world crop reserved for the 
following year. 
 Several things become evident. The portion of energy devoted to animal feed for 
livestock and poultry is nearly half of all global crop output. The portion of energy devoted to 
animal feed for livestock is energetically enough to satisfy global human demand, at least since 
the year 2000. The global human metabolic demand for 1961 was 1.09E+16, which was 60.2% 
of the 1961 global human crop output at 1.81E+16. However, it was 2.63E+16, or 41% of the 
6.40E+16 of global crop output in 2016. At all times global crop output significantly surpassed 
global human metabolic demand. Crop output relative to human demand increased by 19.2% 
during the 56 year period under study.  
The energy of global crops allocated to industrial use parallels the rise in global crop 
output from the year 2000 onward, as does, on a lesser scale, the energy given to biofuels. All 
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three of these lines rise notably in the last decade. Energy apportioned to animal feed also 
demonstrates a rise beginning at this point in time. This appears to show that much of that 
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Figure 3.19 Relationship – Global Crop Categories. This shows each category relative to one 
another in terms of total KJ over 55 years. 
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Remainder 
The final graph, Figure 3.20, conveys the total global crop output for the years 1961-2016 
with each earmarked category of crop subtracted from the whole successively. The solid red line, 
as previously, depicts the global human metabolic demand. The green dotted line at the top 
indicates the initial total global crop output. In the following line, the gold diamond line, the non-
food crops such as fiber crops and tobacco have been deducted, illustrating the quantity left for 
human metabolic demand. From this total is deducted the quantity lost as post-harvest, pre-
consumer waste, leaving the rust-colored diamond line. From that total the category of “Other,” 
or industrial use, has further been deducted, leaving the pink diamond line. The extraction of 
biofuels from the total is denoted by the line of light blue circles. From that the category of seed 
crops has been extracted, represented by the line of medium blue diamonds which appear 
virtually on top of the prior line of circles since the quantity of seed is such a negligible amount. 
Finally, the category of feed crops allocated to livestock and poultry is deducted. The remainder 
depicts the energy budget available to satisfy human metabolic demand. 
The quantity of crop energy remaining is far below the energy requirement of the global 
population. The quantity of energy in kilojoules demanded by the global human population was 
1.09E+16 in 1961. Yet the quantity available was 7.11E+15 for that same year. This is 65.2% of 
demand, or a 34.8% shortfall. In 2013, the last year of recorded data, the energy budget available 
to human metabolic demand is only 57.0% of demand. In other words, our shortfall has grown 
and is seemingly projected to continue to grow. 
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Figure 3.20 Total Global Output – Remainder. This final graph shows the total global crop 
output for 56 years with each category other than food use extracted from the whole. What is 
left is insufficient energy to satisfy human metabolic demand. 
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CHAPTER 4: Discussion 
 
4.1 Analysis and Observations 
The primary concern of this research was to determine the total energy yield of global 
crops and compare that energy yield to the metabolic energy requirement of humanity from 
1961-2016. In addition, the study was done to assess the impact of various diversions of crop 
energy yield and determine how those diversions affected the remaining energy that was 
presumably available to humanity.  
 
World Crops Feed 
David Pimentel, professor of ecology at Cornell University’s College of Agriculture and 
Life Sciences, spoke at the 1997 meeting of the Canadian Society of Animal Science and stated 
that if “all the grain currently fed to livestock in the US were consumed directly by people, the 
number of people who could be fed would be nearly 800 million” (Pimentel, 1997). According to 
the recent FAO State of Food Insecurity report, “There is more than enough food produced in the 
world to feed everyone, yet 815 million people go hungry” (SOFI, 2017). 
Pimentel also declared that “the 7 billion livestock animals in the US consume five times 
as much grain as is consumed directly by the entire American population,” (Pimentel, 1997).  
It has been estimated that up to 40% of crop calories in the world agricultural market are 
used as livestock feed (Pradhan et al., 2013, Cassidy et al., 2013). This research shows that the 
energy yield devoted to livestock animals, including poultry, in 1961 amounted to 46.8% of total 
global crop output, Figure 3.7. The output of global crop production energy yield has more than 
tripled since 1961, from a starting point of 1.81E+16 KJ to 6.40E+16 KJ in 2016. This is an 
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increase of 253.5%. The increase of global crop output at 2013, the last year of verified data for 
feed crops (in order to compare both for the same year) was 239.2%, from 1.81E+16 KJ to 
6.14E+16 KJ in 2013. The percentage of feed from global crop output for 2013 was virtually 
unchanged from 1961, at 46.9%. Therefore, previous studies have underestimated percent of 
global crop output allocated to livestock animals when considered in terms of energy.  
Likewise 1.44E+16 KJ of energy for the year 2012 (the last year that fodder as a discrete 
category was available) is allocated to fodder crops. This was 24.9% of the total global 
agricultural energy output produced for that year. While fodder crops are not suitable for human 
consumption, the question becomes, why are we not growing grasses suitable for human 
consumption on that acreage? Wheat, corn/maize, rice, oats, rye, millet, teff, wild rice and other 
crops are grasses which could be grown to meet human metabolic demand. When the energy of 
forage and grass crops grown specifically for animals is combined with that of energy for feed 
crops (Figure 3.9), one derives a total of 4.15E+16 KJ for the year 2012. This was devoted 
specifically to feed livestock animals. The energy of the total global crop output for 2012 was 
5.85E+16. The energy from fodder crops was not deducted from that total because fodder crops 
are not included as part of the total global crop output by the FAO. However, if a calculation 
were done the total energy of combined feed and fodder crops given over to livestock and 
poultry might have been 70.9% of total global crop energy for that year.  
 
World Crops Seed 
Global seed crop energy increased by 18.25% for the 53 year period between 1961 and 
2012, the last date that verifiable records are currently found. Global crop output increased by 
248% for the same period. Three main things contribute to this disparity in quantity of energy. 
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First is that seeds are invariably smaller than the crop they produce, so while they may be more 
energy dense, they contain less overall energy by virtue of their tiny mass. Second, as discussed 
previously, not all crops are propagated by seed and not all seed production is tracked equally by 
all countries. Finally, the world has seen increased yields over the period of this research due to 
irrigation, fertilizers and hybridizations (Warren, 1998). This means that relative to the same 
amount of seed, much more energy in terms of crop yield is being produced. Michael Edgerton 
demonstrates that major crops like corn and soybean have benefitted substantially from practices 
that increase yield. He states that, for corn: 
“Yield rate of gain in the United States from 1961 to 2007 was 0.11 tonnes ha−1 
year−1. Global yield rate of gain was about half of this at 0.06 tonnes ha−1 
year−1.” 
(Edgerton, 2009) 
Nonetheless, as can be seen in Figure 3.11, seed production is not substantial relative to 
global food production. It does not detract significantly in terms of energy when deducted from 
global food production. 
 
World Crops Waste 
Waste of edible crops at every stage in the course of harvesting, processing, storage and 
distribution is inevitable. It is also costly, which is why farmers, processors, and other handlers 
have historically worked hard to keep these losses to a minimum. The amount of waste generated 
from production is increasing linearly, with an r2-value of 0.97 (Figures 3.12-3.13) for the yearly 
energy value as recorded for the 53 year period, and projected to continue to increase. As stated 
earlier, 1961 global waste levels were recorded at 1.24E+15 KJ. This was 6.85% of the total 
global crop production for that year, which totaled 1.81E+16 KJ in 1961. The last date of 
verified data, 2013, shows that waste made up 7.31% of the global crop output for the same year, 
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with 4.49E+15 KJ of wasted food energy from 6.14E+16 KJ of the total global crop output. 
Waste increased by 262% over the 53 year period. Global crop production saw an increase of 
239.2%. Although it is not visually evident at the scale of Figure 3.13, in Figure 3.12 it can be 
seen that the rate of waste energy is increasing faster than the rate of energy yield for total global 
crop production. Increased industrialization, as has occurred since 1961, appears to be correlated 
with somewhat increased waste relative to crop energy produced. 
 
World Crops Appropriated for Biofuels Synthesis 
Biofuels have been in use since the early 20th century, and were used to a larger extent 
than ever before during WWII (Rosillo-Calle, and Johnson, 2010). However, the global 
production of crops specifically for biofuels synthesis, as noted previously, did not begin to be 
globally tracked in 1975. Until 2002, the energy value of biofuels relative to that of total global 
crop production was insignificant, Figure 3.15.  
Viewing the production of biofuels at a scale which allows us to better scrutinize its 
growth (Figure 3.15), it is evident that energy from production of biofuels surged between 2002 
and 2011. An energy value of 1.17E+13 in 1975 to 2.98E+14 in 1985 shows an overall increase 
of 2447% in the first significant step up on the graph line at the year 1985, a ten year period. For 
the 15 year period from 1985 to 2000, KJ increased only a comparatively miniscule degree of 
32.89%, from 2.98E+14 KJ in 1985 to 3.96E+14 KJ in 2000. There was a small increase within 
the last five years of this period, between 1995 and 1997 where energy production from biofuels 
rose temporarily to 4.13E+14 KJ but returned by 2000 to be virtually unchanged, at 3.96E+14 KJ 
in 2000 from the value of 3.95E+14 KJ in 1995. However, in the next five years, energy 
production had increased again by an additional 113.64%, from 3.96E+14 KJ in 2000 to 
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8.46E+14 KJ in 2005. The following five years saw another increase, this time of 207.33%, from 
8.46E+14 KJ in 2005 to 2.60E+15 KJ in 2010. It rose 15.38% again from that figure to 3.0E+15 
KJ in 2013, the last year of verified data. There has been tremendous growth in the energy value 
of biofuels crops in the last 18 years. Between the years 2000 and 2013 energy production per 
657.58%. This is due to increased investment and government interest globally (Ackrill and Kay, 
2010). The expectation is that fossil fuels will replace biofuels as fossil fuels become more 
expensive. The bulk of these crops grown for biofuels are crops which could be applied directly 
to human need: corn, sugar, soybeans and rapeseed oil (canola oil.) It has been estimated that the 
land and water used to produce biofuels could be used to feed 30% of the malnourished people in 
the world (Rulli et al., 2016). Some scientists encourage a switch to non-food crops and crop 
residue as a source of biofuels (Tilman et al., 2006), but it is a controversial idea rejected by 
others (Pimentel et al., 2009). Biofuels production continues to expand and is not yet a mature 
industry, i.e., it has not yet reached its peak production. 
 
World Crops Other 
The final FAO category of crop distribution is called “Other” uses by the FAOSTAT 
database. FAO states that this category is primarily industrial as discussed previously. The 
diversion of crops to industrial uses, according to the graph in Figure 3.17, has increased 
exponentially since 1961. Biofuels data are not aggregated by the FAO in the same way as crop 
data. It is not aggregated independently of the category of Other. The FAO works with the OECD 
in a database called OECD-FAO Agricultural Outlook to track biofuel use. The data available 
there begins in the year 2007 and was consequently inadequate to the longer timeframe of this 
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research. For a more complete record, additional exploration was conducted. The biofuels data 
used in this research was therefore a composite of several sources, as previously delineated. 
The data as issued by the FAOSTAT database included in Figure 3.17, appear to 
potentially include the creation of biofuels as one of the industrial products to which this crop 
category is diverted. The increase of so-called “Other” (industrial) production almost exactly 
parallels the increases in biofuels production as derived from independent sources. A comparison 
(Figure 3.18) reveals that the “Other uses” graph line appears to be heavily influenced by the 
discretely obtained “Biofuels” line even to the lull in growth in 2010-2011. 
A final graph of biofuels and industrial diversions is a comparison of the data (Figure 
3.19) of OECD biofuels, the FAO category of Other, and total global crop output. It shows that, 
relative to the energy value of total global crop output, the percentage of Other makes up a 
significant 21.49% in 2013, the last date of verifiable data. This is an increase of 263% from the 
starting value of 5.92% by the Other category relative to total global crop output in 1975. 
Biofuels calculated separately makes up 5% of the total global crop output of KJ energy in 2013. 
This is in comparison to the 1975 ratio of 0.065%. 
Biofuels, per se, are an increasing deduction from the total global crop output. The 
diversion of total global crop output to industrial use in its broad context, is a very significant 
deduction from the total of all crop output. The value of these deductions for the purpose of  
“human progress” relative to crops grown to address human hunger and malnutrition are the 
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Relationship of Global Crop Categories 
It is apparent, by viewing Figure 3.20, that we are producing enough crop energy to 
adequately meet the energetic demand of global human need. Yet there are significant diversions 
of this energy to other uses. It is evident, in viewing these relationships, that the energy diverted 
to feed for livestock would satisfy the energy requirement of human demand by itself since the 
year 2000. It also becomes clear that the rise in total global crop output energy from 2002 until 
the present nearly exactly parallels the energy diverted to Other (industrial) uses. It seems highly 
probable that the additional crop output after 2002, which is above the projected trend line for 
total global crop output from 1961 through 2001, is being grown for the purpose of industrial 
uses. Significant among those uses appears to be biofuels, as this graph line also parallels both 
Other uses and total global crop output graph lines for this time period. Seed energy stored for 
future crops is not a consequential deduction from the energy available. Among the diversions of 
energy from total global crop output, it could also be argued that seed energy is only imperative 
diversion beyond human demand. The category of waste has increased in terms of the diversion 
of energy relative to the energetics of total global crop output. The data would seem to indicate 
that the greater use of technology globally over the 52 years of verified tracking of waste has 
been detrimental in terms of waste reduction. However, it would be worth assessing whether this 
relative increase of global waste might also be the result of greater global awareness and more 
attentive tracking during this period. 
 
Remainder 
Figure 3.21 shows the consecutive deduction of each category of diversion of energy 
from the total global crop output. The energy from fiber and non-food crops deducted from total 
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global crop output does not have a significant impact. When the category of waste is deducted 
we do see a significant impact, but not enough to impinge on the energy required to meet global 
human demand. The deduction of Other, and then biofuels categories has a pronounced impact, 
but again, does not yet impinge the energy available to global human demand. The category of 
seed deducted from the energy of global human demand, at this point or any other, would not be 
visible were it not on top of another graph line. It is inconsequential to the energy of global 
human demand relative to total global crop output. Finally, it is apparent that the deduction of the 
energy diverted to feed livestock is the greatest threat to the energy needed to serve human need. 
The category of feed diverted to livestock, in conjunction with the diversion of other categories, 
places the graph line of energy available to human hunger well below the graph line of global 
human demand. 
 
4.2 Feeding a Hungry World 
The global population is increasing exponentially, although the rate of growth is slowing. 
The question around the world is, “Will humanity be able to feed the future population?” 
Predictions have been made that there is a  need to increase the world’s food production by more 
than 70%, some even suggest it needs to double, by the year 2050. Robert Thomas Malthus, in 
1798 warned that human populations increase exponentially, but agricultural output only 
increases linearly (Malthus, 1798). In The Limits to Growth (Meadows et al., 1972) it was 
pointed out that the earth was a finite resource and that humans had best learn to understand and 
work with limits. 
This research, an analysis of the last 56 years of agricultural output as aggregated by the 
leading global repository of agricultural data, shows that modern scientific method has produced 
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exactly the crop output graph which Malthus predicted. Global crop output has been rising 
linearly (r2-value of 0.98) between 1961 and 2016. Nonetheless, human demand has also been 
rising, and the growth of the human population is exponential, even if it appears to be linear as 
this brief 56 year period of human history is investigated discretely from the whole. 
It is evident that over the last fifty years science has made great strides in the ability to 
grow food and produce crop energy through the use of technologies including intense 
hybridization, irrigation, and genetically modified organisms. Total global output has, for the 
duration of this time period, produced more crop energy than was needed to satisfy human 
demand. In 1961 human demand was 60.22% of total global crop output, with human demand at 
1.09E+16 KJ. Total global crop output for that year was 1.18E+16 KJ.  
In 2016, human demand was 41% of the total global crop output, at 2.63E+16 KJ of 
human-demand relative to 6.4E+16 KJ of total global crop output for the same year. Yet as can 
be seen in Figure 3.21, once all diversions from total global crop output have been deducted 
there is not enough energy left to meet human demand.  
Any examination of the energy produced by global agricultural crops relative to human 
demand begs the question: “Why are there still people going hungry?” It seems that energetically 
there is far more energy in total global crop output than needed to satisfy the world’s population. 
Yet the choices which have been made as to where to divert this energy has left the human 
population in the condition of want with regard to energy need. This can be understood in terms 
of chronic malnutrition in many places in the world. One in twelve children under the age of five 
suffered from “wasting” (defined by the World Health Organization as “low weight for height”) 
in 2016, for a total of 52 million children (FAOa, 2017). 
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Feed 
This research shows that crops of human palatability grown explicitly for animal feed 
account for about one quarter of the amount of kilojoules of crops grown for human food in 
2016. It would be a considerable boost to the category of human crops to avail the human 
population of that energy. However Vaclav Smil, (2000) makes the case that livestock animals 
provide not only meat, eggs and milk, but that their waste products, through digestion, improve 
the nutrient availability to plants by enhancing the soils (Smil, 2000). He claims that animals 
could be raised almost entirely on grasslands which could not be used for human crops making 
use of “cellulosic phytomass indigestible by humans” in an arena not in competition with the 
human race. Is this true? While it may be possible, this research shows that it is not what is being 
done. Crop energy diverted to livestock detracts substantially from crop energy available and 
suitable for human demand. Furthermore, if soil is capable of growing “cellulosic phytomass” 
not available to humans, it is very likely that it is also capable of growing one of the many grass 
crops that are digestible by humans. In this way that cropland might be put to better use in the 
service of human demand directly. 
He further makes the argument that the human digestive tract shows an evolutionary 
predisposition to periodic meat eating by virtue of its shortened length relative to other primates. 
Enhanced protein availability through the consumption of animal products as well as the 
availability of certain nutrients like vitamin B12 not available to humans through a plant-based 
diet also seem to suggest that raising animals for human consumption can be a benefit to the 
global population if equitably and rationally apportioned. However, livestock can trample and 
compact soils leaving them irreversibly damaged and incapable of crop growth. Much depends 
on the intensity of grazing, the specific soil type, elevation, the fragility of the ecosystem and 
	  
  72 
other factors. Commercial livestock production may not be a viable option in some parts of the 
world. 
Spiertz and Ewert, (2009) called attention to the fact that there is a global trend is away 
from ruminants which would be able to graze cellulosic materials which humans are unable to 
metabolize, to pigs and chickens which increases demand for grains and soybeans for feed 
(Spiertz and Ewert, 2009). Furthermore, Cassidy et al., (2013) state that in a global food system 
it is inefficient to rely on animals for energy for humans since they “require far more calories to 
produce than they end up contributing to the food system.” Although human behavior is always 
subject to change and there is no guarantee that our systems in place today will persist into the 
future. Nevertheless, global meat consumption seems to be increasing. Michiel A. Keyzer, at the 
Amsterdam Center for World Food Studies, makes the statement that as a country’s wealth 
increases around the world each country then tends to follow the US pattern of overconsumption 
of meats in their diet (Keyzer, 2005). It seems unlikely, therefore, that the global populace is 
heading to a future of equitably and rationally apportioned meat consumption. 
Additional considerations regarding animal consumption pertain to: 
 1) to the land use required ( Gerbens-Leenes et al., 2001) which is in competition with 
the increased size of urban areas expanding to contain population increases, 
 2) the need to increase the volume of crops grown to feed livestock as livestock stocks 
increase to feed wealthier populations, (Keyzer, 2005) and,  
3) the threat of global instability induced by the imbalance of importing countries relative 
to the small number of exporting countries while facing increased demand for feed. Macdonald 
(2013) reminds us that “just eight countries comprising 11% of the global population produced, 
on average, 70% of cereal exports during the last decade.” 
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Putting an end to the raising of livestock of all kinds would afford greater plant energy to 
be diverted to human use. Curtailing consumption of animal products through various means 
might be a more attainable scenario and might benefit the health of those in affluent nations.  
 
Seed 
Seed production and conservation for the generation of future crops is a negligible, and 
ultimately essential diversion of global crop energy from global human demand. 
 
Waste 
Gustavsson et al., (2011) define losses/waste: losses being that quantity of product lost in 
harvest, processing, transportation, storage and distribution, and waste being that portion 
discarded by the consumer after purchase. Their research determined that “roughly one-third of 
food produced for human consumption is lost or wasted globally.” This research shows that in 
terms of the energy of global crop output, which does not include livestock and poultry products, 
game, or fisheries and aquaculture products, losses (as defined by Gustavsson) account for 
between 6.85 – 7.38% of total global crop output. It is outside the scope of this paper to address 
post-consumer waste. 
Consumer waste is greatest in wealthy, developed nations where 35% of waste occurs at 
retail stores or are perpetrated by the consumer (Aschemann-Witzel et al., 2015). But “in 
developing countries more than 40% of food losses occur at post-harvest and processing levels” 
(Gustavsson et al., 2011). This paper was aggregated from a world perspective and does not 
categorize losses by country, whether developing or not, but this is something worth addressing 
by world leaders.  Different crops certainly incur different levels of waste and incur these wastes 
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at different places in the post-harvest chain. This is due to their perishability, the technological 
advancement of the region in which they are grown, the economic status of the farmer and 
environmental factors like flooding or insect predation. In developed countries issues such as 
consumer preference for unblemished and uniformly shaped vegetables dominates the degree of 
retail waste (Griffin et al., 2009). Another perspective suggests that obesity in the US and “The 
calculated progressive increase of food waste” has resulted from “increased food availability and 
marketing with Americans being unable to match their food intake with the increased supply of 
cheap, readily available food” (Hall et al., 2009). Wastage in all forms accounts for a tremendous 
amount of global energy loss of crops produced. It is an area where attention to educating the 
public and changing attitudes of people in the developed world could go a long way to 
introducing more available energy back into the food chain to help serve the underfed. 
 
Biofuels 
Biofuels production has gone on since the 19th century (Ackrill, 2014). Only in recent 
decades has it become a significant use of the energies of the total global crop output. The bulk 
of production of biofuels in today’s world is dependent on crops that would otherwise go to feed 
hungry mouths. In 2009 it was alleged that food grains used in the production of biofuels were 
already contributing to deficits in food availability for the poor (Pimentel, 2009). There are many 
arguments both for and against the use of food crops as fuel. In Energy and the Food System, 
Jeremy Woods (2010) believes that costs alone may prevail in promoting biodiesel use especially 
on the farm, claiming: 
 If bioenergy, particularly biodiesel and biogas, becomes cheaper than the direct 
fossil fuel inputs into agriculture, primarily diesel, then a rapid switch to on-farm 
bioenergy is likely to occur where rotary power, transport and thermal processing 
are required.  
	  
  75 
David Pimentel, having researched energy consumption and production extensively for 
decades, is very much against ethanol use as a fuel supply. He argues that it contributes 
significantly to malnutrition, causes soil erosion, increased greenhouse gas emissions, and uses 
more energy to produce than it is able to convert to fuel (Pimentel, 2007). He argues likewise 
regarding the use of soybeans as biodiesel, claiming production is “costly in terms of economics 
and energy.” Tilman suggests non-edible crops have potential as biofuel crops (Tilman et al, 
2006). Pimentel disparages the use of rapeseed, oil palm, switchgrass and other crops both edible 
and non-edible due to inefficiencies of energy-to-fuel conversion, competition in land use, 
destruction to ecosystems, and economic cost. Nonetheless, this research shows that biofuels 
synthesis from crops is growing at an exponential rate. 
 
Industrial Use of Crops 
Agricultural output is put to many non-food uses. Plastics are becoming a more 
significant application of plant products (Poirier, 1995) even as many societies try to wean 
themselves from petroleum products. Pet food for cats and dogs in the US accounts for 
approximately 2.03E+13 KJ (Okin, 2017). This is roughly 19% of the food energy used by 
people in the US (Okin, 2017). It is not within the parameters of this research to determine the 
veracity of this statement. However, this is not claimed to be the amount of crop energy domestic 
pets consume. It is not crop energy solely or specifically, since much of food energy diverted to 
domestic pets is derived from animal products (Okin, 2017). Food energy consumption by pets 
probably exerts a similar toll on food energy from other developed nations. 
Tourism also contributes in an increasing way to consumption of food crops (Gössling 
and Peeters, 2015). The food diverted to tourism falls under the category of industrial use by the 
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FAO, and is specifically calculated separately by the FAO outside the category of food crops per 
se. That is why it is included here under “Industrial uses.” Its use is considered industrial, since 
tourism is an industry. According to Stefan Gössling and Paul Peeters, “tourism is a dynamic 
growth system, characterized by rapidly increasing tourist numbers” (Gössling and Peeters, 
2015). Like pet food use, tourism is expected to consume more resources as countries become 
wealthier. While neither of these diversions of energy from the total global crop output has a 
significant impact on food directly available to the energy calculated for global human demand 
directly, they are worth noting as they are expected to increase. 
Other industrial uses of crops include rubber, waxes, gums, resins, fiber crops, crops used 
for dying, crops grown as insecticides, crops used in the remediation of soils, tobacco, crops used 
for medicinal purposes, oil crops used in lubrication and cosmetics and body care products. 
However, the two largest industrial uses of agricultural energy output are biodiesel and ethanol. 
As seen previously in Figure 3.14, energy from crop production dedicated to biofuels 
manufacture, extraneous to other industrial uses, rose conclusively after the year 2000 but then 
surged after 2008.  
Ultimately, each of the diversions of global agricultural output contributed to the 
insufficiency of energy to meet global human demand, however total global crop production 
diverted to feed for livestock contributed most significantly. There were more than 800 million 
people hungry in the world in 2016. Production of plant food energy was greater than the global 
population required by 59% in that same year. The food energy required to meet the metabolic 
demand of the global population is being produced. The question to be asked is, are we really 
trying to feed the world’s hungry? This research, our diversion of total global crop output to 
other uses besides human metabolic demand, implies that we are not. 
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CHAPTER 5: Conclusion 
 
This paper clearly shows that there is no need to increase global food production in an 
attempt to meet the energy demand of the world’s human metabolic demand. In terms of energy, 
total global crop output more than surpasses global metabolic demand. This research 
corroborates that of a panel of “high level experts” who convened at FAO Headquarters in Rome 
in 2009 to address feeding the world out to 2050. The panel found that, “The world has the 
resources and technology to eradicate hunger” (FAO, 2009). As a globally aggregated figure, 
farmers are generating enough crop energy to supply the world’s population. This research does 
not attempt to parse the nuances of local crop choices by individual farmers. What is in question, 
however, are global economic choices and the international commitment to make use of crop 
output in a way that best serves every person on the planet. As of 2016, nearly 815 million 
people remain hungry or malnourished. As has been shown herein, (Figure 3.21) despite having 
the food energy adequate to meet human need, we are failing to do so.  
Currently, industrial uses command more than 20% of total global crop output. Much of 
this goes to biodiesel and ethanol to fuel vehicles. This diversion of crop energy has surged in the 
last decade and is on the increase exponentially. The majority of crops used for biofuels are 
edible crops. Other crops might suffice for the synthesis of biofuels. However, a second 
quandary is the use of the land area for crops intended to be diverted to biofuels, when that land 
could grow crops to directly serve human metabolic demand.  
Despite global technological increases, levels of waste relative to total global crop output 
have actually risen. It appears worth considering whether that technology may encourage, or at 
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least give way to increased carelessness as harvest and production are done at an ever greater 
scale. 
Finally, if the goal is feeding people, policy makers must begin to earnestly examine the 
quantity of food energy diverted from the total global crop output to feed livestock and poultry. 
As this research clearly reveals, nearly half (46.9%) of our food energy goes to feed animals. In 
keeping with the energy dynamics of the trophic pyramid, (The Editors of the Encyclopædia 
Britannica, 2011) only 10% of that energy then becomes available to the human consumer of the 
livestock animal (The Editors of the Encyclopædia Britannica, 2011). Furthermore, this 
remaining energy will then be used to satisfy the energy requirements of only comparatively 
wealthier members of humanity (McIntyre, 2009). This entire diversion of total global crop 
energy does not serve global metabolic demand at all efficiently. 
It is not true that we need to double our food supply in order to feed the world by 2050. 
What we do need to do is reassess our commitment to making sure people get fed. This research 
is but one facet, one way of considering the global problem of human metabolic deficiency; a 
problem which includes war, economic policy, and global income inequity, each of which can be 
further fragmented into causes and effects. To begin that discourse, this thesis offers an 
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Table 2. List of Crops 
Agave fibres nes 
Almonds, with shell 














Beets for fodder 
Berries nes 
Blueberries 
Brazil nuts, with shell 
 
Broad beans, horse beans, dry 
Buckwheat 
Cabbage for fodder 
Cabbages and other brassicas 
Canary seed 
Carobs 
Carrots and turnips 
Carrots for fodder 




Castor oil seed 
Cauliflowers and broccoli 








Table 2. List of Crops, Cont. 
Chick peas 
Chicory roots 
Chillies and peppers, dry 
Chillies and peppers, green 
Cinnamon (canella)  
Citrus Fruit, Total 
Cloves 







Cow peas, dry 
Cranberries 




Fibre crops nes 




Flax fibre and tow 
Flour, fruit 
Fonio 
Forage and silage, alfalfa  
Forage and silage, clover 
Forage and silage, grasses nes 
Forage and silage, green oilseeds 
Forage and silage, legumes 
Forage and silage, maize 
Forage and silage, rye grass 
Forage and silage, sorghum 
Forage products 
Fruit excl. Melons, Total 
Fruit, citrus nes 
Fruit, cooked, homogenized preparations 
Fruit, dried nes 
Fruit, fresh nes 
Fruit, pome nes 
Fruit, prepared nes 
Fruit, stone nes 
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Table 2. List of Crops, Cont. 
Fruit, tropical dried nes 
Fruit, tropical fresh nes 




Grain, mixed  
Grapefruit (incl. pomelos) 
Grapes 
Grapes, marc 
Groundnuts, with shell 
Gums, natural 
Hazelnuts, with shell 




Juice, apple, concentrated 
Juice, apple, single strength 
Juice, citrus, concentrated 
Juice, citrus, single strength 




Juice, grapefruit, concentrated 
Juice, lemon, concentrated 
Juice, lemon, single strength 
Juice, mango 
Juice, orange, concentrated 
Juice, orange, single strength  
Juice, pineapple 
Juice, pineapple, concentrated 
Juice, plum, concentrated 
Juice, tangerine 
Juice, tomato 
Juice, tomato, concentrated 
Juice, vegetables nes 
Jute 
Jute & Jute-like Fibres 
Kapok fibre 
Kapok fruit 
Kapokseed in shell [used for oil] 




Table 2. List of Crops, Cont. 
Kola nuts 
Leeks, other alliaceous vegetables 
Lemons and limes 
Lentils 
Lettuce and chicory 
Linseed 
Lupins  [Lupini beans ] 
Maize 
Maize, green  
Mango pulp 
Mangoes, mangosteens, guavas 
Manila fibre (abaca) 
Maté 
Melons, other (incl. cantaloupes) 
Melonseed 
Millet 



































Plums and sloes 






Pumpkins for Fodder  









Roots and tubers, nes 













String beans  
Sugar beet 
Sugar cane 
Sugar crops, nes 
Sunflower seed 
Swedes for fodder 
Sweet corn frozen 
Sweet corn prep or preserved 
Sweet potatoes 
Tallowtree seed 















Turnips for fodder 
Vanilla 
Vegetables and roots fodder  
Vegetables in vinegar 
Vegetables Primary 
Vegetables, canned nes 
Vegetables, dehydrated 
 
Vegetables, dried nes 
Vegetables, fresh nes 
Vegetables, frozen 
Vegetables, homogenized preparations 
Vegetables, leguminous nes 
Vegetables, preserved nes 
Vegetables, preserved, frozen 
Vegetables, temporarily preserved 











Table 3. List of Omitted Crops 
	  	  
Apricots, dry 
Cereals (Rice Milled Eqv) 
Chilies and peppers, dry 
Figs dried 
Fruit, cooked, homogenized preparations 
Fruit, dried nes 
Fruit, prepared nes 
Fruit, tropical dried nes 
Fruits, nuts, peel, sugar preserved 
Grapes, marc 
Juice, apple, concentrated 
Juice, apple, single strength 
Juice, citrus, concentrated 
Juice, citrus, single strength 
Juice, fruit nes 
Juice, grape 
Juice, grapefruit 
Juice, grapefruit, concentrated 
Juice, lemon, concentrated 
Juice, lemon, single strength 
Juice, mango 
Juice, orange, concentrated 
Juice, orange, single strength 
Juice, pineapple 
Juice, pineapple, concentrated 
Juice, plum, concentrated 
Juice, tangerine 
Juice, tomato 
Juice, tomato, concentrated 





Plums dried (prunes) 
Sweet corn frozen 
Sweet corn prep or preserved 
Tomatoes, paste 
Tomatoes, peeled 
Vegetables & Melons, Total 
Vegetables in vinegar 
Vegetables Primary 
Vegetables, canned nes 
Vegetables, dehydrated 
Vegetables, dried nes 
Vegetables, frozen 
Vegetables, homogenized preparations 
Vegetables, leguminous nes 
Vegetables, preserved nes 
Vegetables, preserved, frozen 
Vegetables, temporarily preserved 
	  
